Templating the electroless reduction of metal ions on DNA is now an established route to the preparation of nanowires and can be particularly useful for the formation of nanowires in the desirable <10 nm size range.
Introduction
The development of new approaches for the fabrication of Cu nanowires offers much value to the semiconductor industry due to their potential application as interconnects in future nanoelectronic devices. [1] [2] [3] Cu remains the material of choice for interconnect design due to its low electrical resistivity (1.7 Â 10 À6 U cm), high resistance to electromigration, 4, 5 and relatively low cost. The use of DNA as a template to promote low-dimensional material growth is well-established for a wide range of materials. The metallisation of DNA with Cu as a route to preparing 1D Cu nanostructures was rst reported by Woolley et al. 9, 10 It was later shown by our group, however, that Cu nanostructures formed by this type of electroless deposition at surface-immobilised DNA were not electrically conducting. 11 The absence of conductivity was proposed to be due to the highly granular nature of the Cu coatings, which consisted of linear arrangements of Cu nanoparticles packed along the DNA in a "beads-on-a-string" arrangement.
Metal-seeding approaches have been combined with immobilised DNA; Kudo et al. used Pd seeding prior to electroless Cu deposition. 12 However, no chemical or electrical characterisation was reported in this work. More recently, Woolley has also employed seeding in the fabrication of DNA/Cu structures, using Ag 13 and Pd 14 to promote electroless Cu deposition at DNA. Multiple seeding steps were applied in these instances, in order to provide good seed uniformity and density on the DNA. By using an electroless plating process to then form continuous Cu coatings upon the seeded DNA, structures with diameters in the region of 500 nm (Ag-seeded) and 40 nm (Pd-seeded) were demonstrated to be produced. In the case of the Pd-seeded structures, they were conrmed to be electrically conductive, though their resistivity was found to be orders of magnitude greater than that of bulk Cu. 14 To the best of our knowledge, these are the only example of electrically conducting DNAtemplated Cu nanostructures that have been reported to date. ‡ Increases in the measured resistivity of metal wires are wellknown when their dimensions are reduced to the nanoscale. [16] [17] [18] [19] Trends in the literature have previously been noted which highlight that the resistivities of metal nanowires tend to be larger as nanowires are reduced in diameter. 35 In contrast to Ag where conductive DNA-templated nanowires have been prepared 6, 36 the formation of electrically conducting DNA-templated Cu nanowires of dimensions at the lower end of the nanoscale (i.e. sub-10 nm) offers signicant challenges.
In the studies reported here, we explore a synthetic approach for the preparation of DNA-templated Cu nanostructures which is carried out in bulk solution. It is known from previous cases of DNA-templating reactions involving conducting polymers 25 and inorganic semiconducting materials, 26 that surface-immobilised DNA can yield a quite different morphology to solutionphase, with the former tending to show granular structure while the latter can be more regular and continuous. A reduction in the granular character of the Cu coatings formed around the DNA could be expected to result in reduced electron scattering, leading to improvements in conductivity. Here, we investigate the solution-based approach without hetero-metal seeding in order to allow more direct comparison with previous surfacebased DNA/Cu nanostructures 11 as well as offering a route to fabrication of 1D structures at the lower end of the nanometre scale range.
Results and discussion

Synthesis of DNA-templated Cu nanowires and AFM analysis
In contrast to previous templating at DNA pre-immobilised on a support surface (e.g. silicon wafer), [9] [10] [11] the method used here involved mixing aqueous solutions of duplex DNA and Cu(NO 3 ) 2 in order to rst 'dope' the DNA with Cu(II) cations. Divalent metal cations are generally known to be able to associate with the DNA duplex structure through the formation of interactions involving either binding to the phosphate groups in the DNA backbone, or donor sites in the bases. [37] [38] [39] Formation of the nal DNA-templated Cu structures was initiated by the addition of a solution of ascorbic acid, which acts to reduce the Cu(II) cations to Cu(0). During this step, as well as reduction of the dopant Cu(II) species bound to the DNA, further Cu(0) deposition can also take place due to the abundant Cu(II) cations in the solution which are available to undergo reduction at the surface of the DNA/Cu(0) structures as the templating reaction proceeds.
In order to isolate the product material for AFM analysis, the reaction mixture was centrifuged to separate the DNA-templated Cu structures from non-templated Cu material also formed in the solution (see ESI, Fig. S1 †) . The structures were then isolated from the lower fraction of the solution and immobilised upon a Si wafer (modied with a trimethylsilane (TMS) monolayer) via molecular combing methods. 25, 40 Initial efforts to prepare the DNA-templated Cu structures showed that the Cu(II) concentration used in the templating solution had a notable effect upon the structural character of the product material. For example, templating solutions containing higher concentrations of Cu(II) (25-500 mM) were typically found to result in the DNA/Cu product material forming as dense networks, see Fig. 1 (a). This network formation was attributed to association of the metal cations to the DNA causing effective charge neutralisation of the DNA's polyanionic phosphodiester backbone. Minimisation of the repulsive electrostatic forces between the DNA molecules as a result of this charge neutralisation allows the DNA to aggregate into the dense networks which were observed by AFM. In contrast, the use of much lower Cu(II) concentrations in the templating solutions (10-50 mM) appeared insufficient to promote such aggregation, and the resulting DNA/Cu product material was observed as more distinct 1D structures, see Fig. 1 (b). Based on these initial studies, a set of reaction conditions were established which facilitated the production of distinct DNA-templated Cu nanowires with relatively uniform metallisation along the DNA. These were: l-DNA (300 mg mL À1 ), Cu(NO 3 ) 2 (50 mM) and ascorbic acid (2 mM) mixed in a 1 : 1 : 1 (v/v/v) ratio, and incubated at room temperature for 3 hours. An example of a DNA-templated Cu structure prepared under these conditions is shown in Fig. 2(a) . Line prole measurements revealed the structure height to be $4.7 nm, conrming that metallisation of the DNA has taken place (the theoretical diameter of a duplex DNA molecule being $2 nm) §. The Cu coating around the DNA appears relatively smooth and continuous with no evident breaks. The morphology of the structures prepared in bulk solution here is, critically, different to the more granular structures observed when carrying out analogous templating reactions on surface-bound DNA. 11 To have the possibility to act as true nanowires a continuous coverage along the structure length is required to provide the conductance pathway.
The observed difference between the current preparation method and previous ones 9,10,12,41 can be rationalised by considering a thermodynamic model of the templating process which describes how the formation of materials such as metals, semiconductors and conjugated polymers on a long, thin template, like DNA, will produce smooth 1D structures under the appropriate conditions. 41 This outcome results from the competition between the surface tension of the material g and the line energy s (representing its adhesion to the template). In the absence of this line energy, a cylindrical wire is unstable and will break up into spherical droplets; this is the well-known Savart-Plateau-Rayleigh instability. The effect of the line energy can be appreciated by considering states of the templated material characterised by a linear dimension, r, which may be the radius of a series of identical droplets or the thickness of a cylinder. The free energy of the system per unit volume of templated material has two terms; one proportional to r À1 which originates in the surface tension, and a second proportional to r À2 from the line energy (eqn (1); written for the case of spheres). When the volume of templated material per unit length (V) is small enough, the line energy dominates and the lowest free energy state is a smooth cylinder, as we have previously discussed in more detail elsewhere. 41
However, if we extend this theoretical description of the templating process to a scenario in which the template lies on a solid substrate, the situation changes because there are additional terms in the free energy to consider; the adhesion of the material to the substrate ($r À1 ) and a line energy at the 3-phase boundary at the edge of the region where the templated material meets the substrate ($r À2 ) (see ESI, Fig. S2 †) :
where d is the free energy per unit length of the 3-phase boundary. Such a line energy is also invoked to modify Young's equation in the theory of vapour-liquid-solid growth of nanowires. 42 The term A/r represents both the surface tension of the material and the free energy per unit area of contact to the substrate. We assume the material does not wet the substrate, because if the free energy of adhesion of the material to the substrate is comparable to the free energy of adhesion to the template, then it is clear that the effect of the template is lost and there is no reason for the material to spread along the template to form a smooth cylindrical wire. However, we have not attempted to write down the detailed form of this term because that would require a treatment of contact angle effects and particle shapes and these do not qualitatively change the outcome, which is determined by the scaling of this term and of the line energy with r. The line energy at the 3-phase boundary will normally be positive and therefore tend to drive the system to form a contact between the material and the substrate with a circular perimeter. In fact if pg > s then equilibrium theory predicts nanowires cannot be formed irrespective of the reaction stoichiometry, i.e., the value of V. These effects counteract the tendency of the template to drive the formation of nanowires and favour beads-on-a-string states, which we have frequently observed experimentally in preparation of templated structures with surface-bound template DNA. 11, 26 Chemical characterisation of DNA-templated Cu nanowires
In order to verify that reduction of the Cu(II) proceeds in the templating solution, experiments were carried out in which the reaction was monitored by UV-vis spectroscopy. Formation of the desired Cu(0) was evident in the UV-vis spectrum by the presence of broad plasmon band in the 540-630 nm region, consistent with nanostructured Cu(0) material (see ESI, Fig. S3 †) . [43] [44] [45] However, it should be noted that whilst UV-vis studies provided evidence of the reduction of the Cu(II) species to Cu(0), this data does not offer information which veries that the Cu(0) forms directly on the DNA. To explore this aspect of the Cu(0) formation, FTIR spectroscopy was carried out upon samples of 'bare' DNA and DNA/Cu material isolated from the templating solution (see ESI, Fig. S4 and Table S1 †). Comparison of the spectra showed several small shis in wavenumber, as well as changes in intensity, of IR bands associated with vibrations of the DNA backbone and bases. These changes in the spectrum are attributed to interactions between the DNA and Cu(0), indicating that Cu(0) forms directly on the DNA; observations of IR band changes have previously been reported for the preparation of other materials on DNA. [23] [24] [25] X-ray diffraction data (XRD) data obtained from a powder sample of the DNA/Cu material{ conrmed that the Cu(0) produced is of high purity. No additional peaks where evident in the diffraction pattern indicating the presence of impurities (e.g. CuO, Cu 2 O) (see ESI, Fig. S5 †) even following a 24 hour period, where the sample was allowed to stand in air. We ascribe this to the relative lack of surface sensitivity of the technique and to indicate the amorphous nature of the oxidized surface (vide infra). Further chemical analysis of the DNA/Cu material was carried out using X-ray photoelectron spectroscopy (XPS) in order to verify if the Cu possesses any thin surface oxide layer which was beyond the detection limits of the XRD instrumentation. Fig. 3 shows a high resolution XP spectrum of the Cu2p region, acquired from a sample of the DNA/Cu material. The curve tting shows that the experimental data can be tted to a minimum of two doublets with binding energies of 932.8 eV and 934.9 eV (Cu2p 3/2 ), respectively. The doublet at lower binding energy (1) is consistent with the presence of Cu(0), [46] [47] [48] in agreement with the ndings of the XRD data. It is noted here that it can oen be difficult to distinguish between Cu(0) and Cu(I) species in Cu2p XP spectra due to their similar binding energies, meaning that one could also consider the possibility of the presence of Cu 2 O, along with Cu(0), at the metal surface. However, the O1s XP spectrum acquired from the sample shows little evidence of a component in the O1s envelope centred around the expected binding energy ($530.4 eV) for oxygen species related to Cu 2 O, 48, 49 suggesting this oxide is not present (see ESI, Fig. S6 †) .
The doublet at higher binding energy (2) is consistent with the presence of Cu(II) species, as are the two characteristic satellite peaks seen in the 938-947 eV region of the spectrum. 48, 49 This can be attributed to Cu(II) species, originating from the Cu(NO 3 ) 2 starting material.k
Electrical characterisation of DNA-templated Cu nanowires
In order to determine the suitability of the resulting DNA/Cu structures to function as nanowiresi.e. act as 1D nanostructures along which an electrical current can be passedit was important to evaluate their electrical properties. Given the non-conducting nature of highly granular Cu nanostructures prepared using surface-bound DNA templates, 11 the more regular morphologies of the DNA/Cu structures prepared here proved encouraging in this regard. Initially, the electrical properties of individual DNA/Cu structures were probed in a qualitative fashion using scanning conductance microscopy (SCM). [50] [51] [52] Fig. 4(a) shows an AFM height image of three DNAtemplated Cu structures immobilised upon a TMS-modied Si/ 200 nm SiO 2 wafer. The main DNA/Cu structure (white arrow) seen in the image has a mean diameter of 5.5 nm, whilst the additional two structures (green arrows) have mean diameters of 2.8 nm and 4.2 nm, respectively. The corresponding SCM phase map ( Fig. 4(b) ), acquired at an applied direct current (dc) bias of À10 V, shows dark contrast corresponding to the positions of all three DNA/Cu structures on the wafer surface. Dark phase contrast associated with the structures was observed over the full range of bias potentials applied (À10 V to +10 V), with the magnitude of the phase shis being proportional to V 2 (see ESI, Fig. S9 †) . It has previously been demonstrated in other SCM experiments that the occurrence of negative phase shis in this manner can only result if the object under analysis is electrically conducting, 50, 51 conrming that the DNA-templated Cu structures here are, to some extent, electrically conductive. It is of interest to note that even the smallest of the three DNA/Cu structures examined (2.8 nm diameter) is shown to be conductive. Hence it can be concluded that with this solutionbased synthetic approach to nanowire synthesis, even relatively thin Cu coatings formed upon the DNA molecules, the morphology is such that a continuous electrical conducting pathway is available along the structure. { Samples for XRD analysis required some changes to the sample preparation compared to samples produced for AFM analysis; specically, the reagent concentrations in the templating solution were increased. This was necessary in order to obtain sufficient amounts of the product material, in powder form, from which meaningful XRD data could be acquired. As a result, certain distinctions between the DNA/Cu materials produced for AFM and XRD studies were noted. In particular, Scherrer analysis of the XRD data showed the powder sample to have an average crystallite size of $35 nm; this was notably larger than the mean DNA/Cu nanostructure diameter of $7 nm, determined for AFM samples.
k The binding energy of the tted component relating to Cu(II) species in the Cu2p spectrum also falls in good agreement with the expected value for Cu(OH) 2 ; this presumably appearing as a thin layer on the surface of the DNA/Cu material. However, due to the close overlap between expected binding energies of oxygen species in Cu(OH) 2 and in DNA ($531.0-531.8 eV), it cannot be readily veried from the O1s spectrum if Cu(OH) 2 is present.
In order to obtain quantitative information regarding the electrical properties of the DNA-templated Cu structures, conductive AFM (cAFM) was carried out, using our previously established procedure. 32, 33 Briey, this involved depositing a dense network of the DNA/Cu nanowires onto a TMS-modied Si/200 nm SiO 2 wafer; at the periphery of this dense deposit, small bundles of DNA/Cu nanowires could found protruding radially outwards, see Fig. 5(a) . The dense nanowire deposit was used to create an electrical contact between the sample material and the metallic chuck. The DNA/Cu structures located at the edge of the dense nanowire deposits were then able to be probed by cAFM, with the Ga-In eutectic/nanowire network acting as one electrical contact, and the conductive AFM tip used as the second contact. The areas of the sample surface scanned during cAFM measurements were typically located #1 mm away from the eutectic contact (see ESI, Fig. S10 †) . Fig. 5(b) shows a contact mode height image, acquired at the edge of a dense DNA/Cu nanowire deposit, in which several DNA/Cu structures can be seen extending across the surface of the Si/SiO 2 wafer. The heights of these structures (typically $11-20 nm in this instance), as well as the presence of 'branching', indicates them to consist of multiple DNA/Cu nanowires bundled together into thicker rope-like structures. The use of the these larger 'nanoropes' has generally been found to be a necessary requirement for these cAFM experiments in order to achieve reliable imaging of the samples in contact mode operation.** A current map, simultaneously acquired alongside the height data at an applied bias of +8 V, is shown in Fig. 5(c) . The conductive nature of the DNA/Cu structures is evident, with current signals of the order of tens of nanoamps seen to correlate with the positions of the DNA/Cu nanoropes (see Fig. 5(d) ). In contrast, no current signal was detected across regions where the AFM tip was in contact with the dielectric SiO 2 surface. A current-voltage (I-V) plot of an individual DNA/Cu nanorope was produced through recording a series of current maps, each at a different applied bias (see Fig. 6 ). An approximate value for the current passing through ** cAFM studies were limited to studying small bundles of DNA/Cu nanowires due to cAFM measurements being required to be carried out in contact mode in order to maximise the time that the tip is in electrical contact with the sample. The high forces exerted upon the sample by the tip when operating in contact mode frequently results in individual nanowires being 'brushed' around the Si/SiO 2 surface during scanning. The larger DNA/Cu nanorope structures were less prone to displacement by the tip during scanning, though careful regulation of the applied force by the tip was still required. the nanorope was determined from each current map using line prole measurements carried out at the same point of the nanorope. The resulting plot clearly shows a linear relationship between the current and applied bias. A non-zero current value at zero bias was also noted to be indicated from plot trend line, possibly a consequence of stray capacitance in the circuit. From the slope of the regression line, a resistance of $107 MU was estimated for the nanorope. In order to calculate a resistivity value, the diameter was taken to be $20 nm, based upon AFM height measurements, and the length $1.5 mm, which represented the approximate distance between the edge of the nanowire network and the point at which the cAFM line prole measurements were made. Based upon these dimensions, a resistivity value of $2 U cm was determined. This is two orders of magnitude higher than that reported by Woolley for Pdseeded DNA-templated Cu nanostructures (3.6 Â 10 À2 U cm), 14 and six orders of magnitude higher than that of pure bulk Cu (1.7 Â 10 À6 U cm).
We attribute this high resistivity to excess grain boundaries and surface scattering of electrons in the nanowire which are known to inhibit electrical conductivity in thin Cu wires. 53 The reduced size of the structures prepared here, in comparison to the previous larger ($40 nm) Pd-seeded DNA/Cu structures, is expected to play a signicant role in causing the increased resistivity, with the effects of grain boundaries and electron surface scattering becoming more signicant with the downscaling in structure size. 35 Based on these ndings, the resistivities of the DNA-templated Cu nanowires prepared in the current studies, are in fact more comparable with that of a lightly doped specimen of silicon, rather than a true metal. Whilst a signicant improvement is shown here compared to our previous results for DNAtemplated Cu nanowires prepared using surface-bound DNA, which were absent of conductivity, 11 there is still a considerable effect of resistance increasing mechanisms, such as grain boundaries, in these samples. These samples are therefore best described as granular metals. 54, 55 
Conclusions
The solution-based synthesis of DNA-templated Cu nanostructures has been demonstrated for the preparation of 1D structures. These show improved metallisation of the DNA template in comparison to our previous, surface-based approach. 11 This improvement in the metallisation of the DNA was observed in the form of more extensive metal deposition along the DNA molecules, and smoother morphologies associated with the nal DNA/Cu structures. The distinction between the structures produced by the two different approaches to fabrication can be rationalised using a thermodynamic model to describe templated metal growth in the two different scenarios. The model highlights that, under appropriate conditions, the formation of smooth nanowires can be expected when the template reaction is carried out in bulk solution, whilst the additional inuence of the substrate surface when carrying out the templating reaction via the surface-based route, will instead lead to formation of a series of metal particles decorating the length of the DNA.
SPM studies conrmed the DNA/Cu structures to be electrically conductive, with improvements in the electrical properties, compared to our previous examples of DNA-templated Cu structures. 11 This was largely attributed to differences in the morphologies of the metal coatings formed in the two different approaches to synthesis. However, it was also noted that the resistivity of the structures remained several orders of magnitude higher than that of bulk Cu. This suggests that whilst improvements in the morphologies of the Cu coatings have been demonstrated here, there remain notable issues, such as the presence of grain boundaries, causing signicant increases in the resistivities of the DNA/Cu structures produced.
Experimental
Materials
All chemicals, unless otherwise stated, were purchased from Sigma-Aldrich Company Ltd., of Analar grade or equivalent, and used as received. Ascorbic acid (99+%) was purchased from Alfa Aesar. Lambda DNA (Bacteriophage lambda, l-DNA, 500 mg mL À1 , 10 mM tris-HCl, 1 mM EDTA, pH 8, Cat no. N3011S) was purchased from New England Biolabs (UK) Ltd. Calf thymus DNA (CT-DNA, highly polymerised, 6% sodium) was purchased from Sigma-Aldrich Company Ltd. Silicon wafers (100 mm diameter, 525 AE 50 mm thickness, polished on one side with reverse etched, phosphorus doped, 1-10 U cm resistance) and silicon wafers (100 mm diameter, 500 AE 25 mm, double side polished, arsenic doped, <0.005 U cm resistance, thermal oxide layer 2000Å AE 10% thickness) were purchased from Compart Technology Ltd. NANOpure® deionised water (18 MU cm resistivity) was obtained from a NANOpure® DIamond™ Life Science ultrapure water system equipped with a DIamond™ RO Reverse Osmosis System (Barnstead International). 
Cleaning and preparation of silicon wafers
Silicon < p-100 > wafers were cut into $10 mm Â 10 mm chips, and washed in serial fashion in acetone, propanol, and NANOpure® water. The wafers were subsequently washed in a hot surfactant solution (sodium dodecyl sulfate, 0.01 g per 100 mL water) for 20 min, before rinsing with copious amounts of NANOpure® water. This was followed by treating the wafers in 'Piranha' solution (4 : 1 H 2 SO 4 : H 2 O 2 ) for 45 min at $50 C.
(Caution! Piranha solution should be handled with extreme care; it is a strong oxidant and reacts violently with many organic materials. It also presents an explosion danger). Upon removal from the Piranha solution, the wafers were rinsed again with NANOpure® water and baked in an oven for 30 min.
Chemical modication of the clean Si wafer surfaces with a self-assembled monolayer of trimethylsilane (TMS) was carried out by exposing the wafers to the vapour of chlorotrimethylsilane (Me 3 SiCl) for 8 min, at room temperature.
For SCM and cAFM experiments, Si wafers with 200 nm thick SiO 2 capping layer were used as the substrate supports for the sample material. In the case of these wafers, the SiO 2 layer was required to be stripped from one side. This was carried out by applying a solution of HF (aq. 10%) to one side of the wafer, which acts to etch the SiO 2 .
Preparation of Cu-DNA nanowires
The preparation of DNA-templated Cu nanostructures which provided the most uniform, and continuous metal coatings around the DNA templates was carried out as follows: a solution of Cu(NO 3 ) 2 $3H 2 O (aq. 50 mM, 10 mL) was added to l-DNA solution (aq. 300 mg mL À1 , 10 mL), followed by addition a solution of ascorbic acid (aq. 2 mM, 10 mL). The templating reaction was le to proceed for 3 h, with gentle stirring on a mechanical roller. To separate the suspension of nanowires from non-templated Cu nanoparticles also formed, the sample was centrifuged at 8000 rpm for 2 min. The bottom fraction, containing the desired DNA/Cu nanowire material, was then collected for analysis.
Alignment of Cu-DNA nanostructures upon substrates
DNA-templated Cu nanostructures were aligned on TMS-modied Si surfaces using a molecular combing/drop-drying method. A 5 mL volume of the templating solution containing the DNA/Cu nanowires product material was applied to the wafer surface by micropipette. The nanowires were then 'combed' across the surface by slowly withdrawing the solution from the wafer, and leaving a small residual amount of the solution behind. The sample was allowed to dry, leaving a small stain on the surface from near which individual nanostructures could be identied by AFM.
X-ray photoelectron spectroscopy (XPS)
XPS analysis was carried out using a Thermo K-Alpha XPS system with a monochromated Al Ka X-ray source. An electron/ ion gun was used to compensate for charge build-up on the sample during analysis, and all binding energies were referenced to the C1s hydrocarbon peak at 284.6 eV. Shirley background subtractions used for the Cu2p spectra, and peaks tted using Gaussian-Lorentzian functions. Samples were prepared in powder form, in a similar manner as that described for XRD experiments, with samples drop-cast onto a clean Si wafer and dried in vacuo.
Scanning probe microscopy
TappingMode™ AFM imaging was performed in air, using Multimode Nanoscope IIIa and Dimension Nanoscope V instruments (Veeco Instruments Inc., Metrology Group, Santa Barbara, CA), with TESP (n-doped Si cantilevers, resonant frequency ¼ 230-410 kHz, spring force constant ¼ 20-80 N m À1 Veeco Instruments Inc.), and Tap300Al-G (Si cantilevers, resonant frequency ¼ 200-400 kHz, spring force constant ¼ 20-75 N m À1 , BudgetSensors) probes. Data acquisition was carried out using Nanoscope soware version 5.12b36 (Multimode) and Nanoscope soware version 7.00b19 (Dimension Nanoscope V) (Veeco Instruments Inc., Digital Instruments). For both AFM systems, vibrational noise was reduced with an isolation table (Veeco Inc., Metrology Group).
Scanning conductance microscopy was performed in air, on a Dimension Nanoscope V system, using MESP probes (n-doped Si cantilevers, metallic Co/Cr coating, resonant frequency ¼ 50-100 kHz, spring force constant ¼ 1-5 N m À1 , Veeco Instruments Inc.). Data acquisition was carried out using Nanoscope version 7.00b19 soware. SCM measurements were performed using a two-pass method, in which the rst pass of the tip over a scan line gathers topographical data in standard TappingMode™, and the second pass of the tip records the SCM phase information. During the second pass, the tip travelled over the sample surface at a constant li height (typically set between 40-100 nm), whilst an independently controlled dc bias was applied to the sample, with the tip grounded.
Conductive AFM (cAFM) experiments were performed on a Dimension Nanoscope V AFM, using MESP probes. Both topographical data (obtained in contact mode) and current maps were acquired simultaneously during cAFM operation. Samples were prepared by drop casting 5-40 mL of the DNA/Cu nanowire suspension onto a TMS-modied Si/200 nm SiO 2 wafer, and leaving the droplet to evaporate at room temperature. The surface tension created by the receding meniscus is enough to align the wires on the substrate parallel to the direction of solvent withdrawal. This results in a dense deposit of nanomaterial on the wafer surface, with aligned wires extending from the periphery of this dense body of material. A drop of Ga-In eutectic was applied between the dense nanomaterial deposit and the AFM metallic chuck to provide an electrical contact. The metallic AFM tip was used to act as the second electrical contact to the sample. The AFM tip was positioned over the surface region of interest for data acquisition, approximately #1 mm from the eutectic contact. A bias of between 1-10 V was applied to the sample in order to obtain sufficient current signals for analysis. All measurements were made at room temperature.
